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Introduction
Pomegranate (POM) or Punica granatum is an ancient fruit originating from the Middle East (1) . The POM fruit is berry-
66
like with a leathery rind enclosing many seeds surrounded by the juicy arils, which comprise the edible portion of the 67 fruit (2) . This edible part represents ~ 52% of total fruit weight, comprising 78% juice and 22% seeds (3) . Dietary 68 supplementation with POM fruit has traditionally been consumed as POM juice (POMj) obtained from the first-press 69 (partial pressing) squeezing of whole pomegranate fruits (4) . More recently, POM extract (POMe) has been developed in
70
liquid and dry powder forms to provide alternative convenient sources for obtaining the bioactive polyphenols found in
71
POMj. The liquid POMe is produced by extraction of the remaining fruit residue obtained, after an additional pressing,
72
and the powdered POMe is obtained from further resin purification and drying (solid-phase extraction) to produce a
73
powder with a high concentration of polyphenols (4) .
74
Dietary supplementation with POMj or POMe, which are both rich in polyphenols, has been reported to promote several 75 beneficial health effects (5, 6) . In particular, POM supplementation appears to be effective at enhancing physiological 76 responses in individuals exhibiting physiological stress such as cardiovascular disease (7) , oxidative stress (8) , cellular 77 inflammation (9) or joint or muscle damage (10, 11) . Indeed, POM consumption has been reported to lower cardiovascular 78 disease morbidity by enhancing myocardial blood flow (+17%) (12) and antioxidant status (+130%) (7) , and lowering 79 low-density lipoprotein cholesterol oxidation (-90%), systolic blood pressure (-12%), and carotid artery thickness (-
80
30%) (7) .Similarly, POM has been shown to attenuate oxidative stress by lowering free radical production and lipid 81 peroxidation (-65%) (13) , and to inhibit some cellular inflammation transcripts (14, 15) such as nuclear factor -κB (NF-κB),
82
tumor necrosis factor α (TNFα) and cyclooxygenase-2 (COX -2). Since, these positive physiological effects afforded by
83
POM supplementation have the potential to prevent or treat various disease risk factors, POM has been described as a
84
of muscle damage (20) (21) (22) (23) , inflammation and oxidative stress (23, 24) and a protracted period of muscle weakness and 97 soreness during the post-exercise recovery period (17, 25) . Since POM supplementation appears particularly effective at 98 improving numerous physiological responses in individuals manifesting symptoms of physiological stress (7, (12) (13) (14) , POM 99 supplementation might have potential as an ergogenic and recovery aid. Notwithstanding this potential for enhanced 100 exercise performance and post-exercise recovery following POM supplementation, studies assessing the effects of POM 101 supplementation on exercise performance and recovery are limited and yield equivocal findings (17) (18) (19) (25) (26) (27) .
103
The aims of the present systematic review were (i) to examine the effect of POM intake on exercise performance and 104 recovery, as well as its acute and delayed effects on muscle damage, oxidative stress, inflammation and cardiovascular
105
function following exercise in healthy individuals, and (ii) to outline how aspects of the study design (e.g., fitness status
106
of participants, biomarkers assessed, supplement dose and exercise protocol) can influence the potential ergogenic and 107 recuperative effects of POM supplementation. The recommendations from this review will have the potential to inform
108
POM supplementation guidelines to optimize exercise performance and recovery practices in athletes and sports 109 nutritionist.
111

Methods
112
This systematic review was conducted and reported in accordance with the guidelines of the preferred reporting items
113
for systematic reviews and meta-analyses (PRISMA) statement, which is an evidence-based protocol describing a set of 114 items for reporting in systematic reviews and meta-analyses (28) .
116
Data Sources and Search Strategy
117
To inform our review, a comprehensive systematic search of studies was performed electronically in the following appropriateness for inclusion based on the pre-determined inclusion criteria described below. Where there was 127 uncertainty with regard to inclusion, discussion with a third researcher determined the final inclusion or exclusion of the 128 article.
130
Inclusion and Exclusion Criteria
131
To be included in the systematic review, individual studies needed to fulfill the following inclusion criteria: (i) primary
132
research published in peer-reviewed journals in English, (ii) research conducted with healthy human participants
133
(sedentary, active or trained subjects), (iii) original studies that had investigated an acute or long-term POM 
140
(vii) studies in which exercise was performed in extreme environments (e.g., altitude, heat etc). No limits were set for 141 the year of publication. Case studies, encyclopedia, book chapters and reviews were excluded, although the 142 bibliographies of the latter were consulted to refine article searches.
144
Study Selection
145
Following the removal of duplicate studies from the different search engines, inclusion or exclusion of the remaining 146 articles was performed by applying the above criteria on the title and abstract to determine eligibility in a preliminary 147 independent screening. Selected papers were then read in full to finalize eligibility or exclusion. (29) . Each paper was independently assessed twice by two independent reviewers using the 11-item checklist to
174
yield a maximum score of 10 (the sum of awarded points for criteria 2-11). Points are only awarded when a criterion is
175
clearly satisfied. In case of disagreements concerning trial scoring, a discussion with a third reviewer was conducted.
176
The level of agreement between reviewers was calculated via the Kappa values with k=0.91 indicating an excellent 177 agreement (31) .
7
The predefined search strategies yielded a preliminary pool of 786 possible papers. , inflammation (26, 27) and cardiovascular function (34) .
203
Different exercise models were employed in the studies included in the current systematic review. Specifically, four 204 studies included strength exercises such as unilateral eccentric (17, 25) and Olympic weightlifting (18, 19) movements, three 205 studies employed treadmill running (27, 28, 34) , two studies used a combination of strength and running (33) or cycling (35) 206 exercise, while the two remaining trials used ultra-endurance exercises (26, 36) . 
222
As presented in Tables 1 and 2 , the reviewed studies (nine out of eleven) implemented a double-blind, placebo (PLA)-
223
controlled experimental design. The majority of these studies (nine out of eleven) employed a randomized design 224 where (i) two studies employed three experimental arms (26, 33) with at least one being POM treatment, (ii) three studies 225 used two experimental arms (27, 34, 36) , and (iii) four studies used one experimental arm (i.e., crossover design) with a 1 226 week (32, 35) or a 2 week washout period (17, 25) . Concerning, the two remaining studies (18, 19) , the experimental protocol 
232
The majority (n=9) opted for POMj, with beverages ingested both prior to and following the training/exercises sessions.
233
Indeed in 5 studies participants were supplemented for 4 days pre-and 4/5 days post exercise with 0. 
263
and a 30s passive recovery separating intervals) was also enhanced following the same POMe ingestion procedures (35) .
264
With regard to resistance exercise performance, POMe ingestion has been reported to have no effect on the number of 
268
( Table 1) . The discrepancies between studies could be linked to inter-study differences in the supplementation 269 procedures employed. Therefore, the existing findings suggest that ingestion of 500 mL of POMj 60 min prior to 270 exercise is more likely to enhance resistance exercise performance than 1000 mg of POMe ingested 30 min prior to 271 exercise.
272
The enhanced performance following POM ingestion might be linked to increased muscle blood flow. Indeed, Trexler promote nitric oxide (NO) synthesis, (an important contributor to exercise-induced vasodilation (37) ) by enhancing nitric
Effects of POM on muscle strength recovery
282
The performance of eccentric exercise has been shown to reduce maximal strength and increase the sensation of 283 soreness in the exercising muscles, with muscle soreness peaking 24-48h post such exercise (39) . Although, soreness 284 scores return towards baseline after this point (40) , strength can remain depressed compared to baseline even up to 285 several days after undertaking eccentric exercise (41) . It has been reported that full recovery of strength typically 286 requires 7 to 14 days (42) . To date, studies assessing the effect of POM supplementation on post exercise muscle 287 recovery ( Table 1 ) have shown that, in both untrained (25) and trained (17) subjects, consumption of 500 mL POMj for 9 (17, 25) were the first to assess the effect of POMj supplementation on the DOMS
332
provoked by a bout of intense eccentric exercise (Table 1 ). These studies showed that consumption of 250-500mL
333
POMj twice daily could attenuate elbow flexor muscle soreness at 48 and 72 h post exercise in resistance trained males
334
(17) , but not in recreationally active males (25) . However, knee extensor muscle soreness was not significantly affected by
335
POMj in either population (17) . Therefore, in response to unilateral eccentric exercise, these authors concluded that
336
POMj supplementation can alleviate exercise-induced soreness of the arm muscles, but not leg muscles, with this 337 beneficial effect more likely to occur in resistance training individuals. Conversely, POMj supplementation has been 338 reported to lower the perception of muscle soreness (i.e., at 48h) in knee extensors, but not the elbow flexors, in elite 339 weightlifters completing whole body resistance exercise (18) . The authors of this study ascribed the absence of a lower 340 soreness perception in elbow flexors after POMj supplementation to the lower soreness provoked by the weightlifting 341 exercises in the arms compared to the legs. Accordingly, the lower muscle pain in the upper compared to the lower body musculature likely lowered the scope for a POMj-mediated attenuation in muscle soreness in the former compared 343 to the latter. Therefore, it appears that the blunting of muscle soreness post POMj supplementation might be linked to 344 the degree of soreness evoked by a given exercise task.
346
In addition to inter-study differences in limb-specific muscle soreness responses post POMj supplementation, the result in a lower fatigue perception and higher performance in the subsequent training session (22, 24) .
360
Effect of POM supplementation on muscle damage responses
361
The mechanisms that underpin muscle damage are believed to involve both mechanical and metabolic processes (46) .
362
Since, mechanical and metabolic demands on the skeletal muscles are influenced by the nature of physical activity, it (Table 2 ). The authors concluded that the 3week intervention was not sufficient to elicit a blunting in
393
ASAT and ALAT in trained endurance athletes after POMj supplementation and suggested that an extended 394 supplementation period (i.e., intervention period > 3weeks) could result in significant differences between the POMj
395
and PLA groups (26) . However, POMj supplementation had a different effect in well-trained resistance subjects (18) .
396
Indeed, the consumption of POMj 48h before and during the training session accelerated muscle damage recovery 48h 397 post a weightlifting training session by expediting the recovery kinetics of CK (11.43%), LDH (5.08%) and ASAT
398
(4.94%). These results indicated that 48h POMj supplementation can be sufficient to restore muscle damage to baseline 399 levels following an intense strength training session ( antioxidants were increased at post exercise in both the POMj and PLA groups, the pre-post exercise change was higher
426
for enzymatic (e.g., superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase (CAT)) and non-427 enzymatic antioxidants (e.g., uric acid (UA) and total bilirubin (Tbil)) and lower for malondialdehyde (MDA) in the
428
POMj condition compared to the PLA condition (19, 27, 36) . 
491
Additionally, given that the inhibition of MMPs by tumour necrosis factor (TNF) has been reported to be dependent on 492 reducing ROS production (65) , and since polyphenolic-compounds present in POM have been shown to confer contribute to its anti-inflammatory effects (27) .
In endurance trained athletes, Fuster-Munoz et al. (26) reported that the levels of sE-selectin and hs-CRP 
533
Assuming POM supplementation increases blood flow during exercise, the associated increase in nutrient delivery to,
534
and efflux of noxious metabolic by-products from, skeletal muscle (37, 67) might contribute to ergogenic effect of POM 535 supplementation during exercise and the enhanced post-exercise recovery (17, 18, 25, 32) . In addition to effects on blood 536 flow and vessel diameter (32, 35) , POM has been reported to lower blood pressure and HR during physical exercise (18, 34) .
537
Indeed, daily consumption of POMj (500ml, 1.69g total phenolic/l) for one week prior to exercise 
558
the studies assessed in this review, POM supplementation appears to hold potential as a nutritional aid to enhance performance during endurance (28, 35) and strength (17, 18, 25, 33) (26, 36) ; to confer an anti-inflammatory effect during exhaustive running exercise (27) ; and to promote beneficial 575 effects on the cardiovascular system during strength (18, 35) and treadmill running exercise (28, 34, 35) .
577
The positive effects of POM supplementation are likely linked to its high content of polyphenols. Previous studies 578 investigating the effect of polyphenol supplementation have reported increases in blood flow, vessel dilation (67) and 579 endothelial function (71) . This potential for enhanced vasodilation following polyphenol supplementation could improve 580 nutrient delivery to and promote the efflux of noxious metabolic by-products from skeletal muscle which might have 581 implications for accelerating muscle recovery (28, 37) . In addition to enhanced cardiovascular function, polyphenol 582 supplementation protects against the development oxidative stress (72) and inflammation (71) . Accordingly, POM 583 supplementation might aid exercise performance and recovery by enhancing cardiovascular function and mitigating 584 oxidative stress and inflammation. In particular, the ergogenic and recuperative effects of POM supplementation might 585 be linked to the scavenging of free radicals (73) . Specifically, polyphenols can attenuate oxidative damage through the 586 rapid donation of an electronto a free radical from -OH groups (74, 75) . Therefore, polyphenols are capable of reducing,
587
stabilizing and inactivating free radicals species, thereby inhibiting lipid peroxidation and preventing against 588 atherosclerosis and long-lasting Ca2+ release events (76, 77) . Furthermore, modulating antioxidant enzymes and chelating
; involved in free radical production), and the associated blunting of free radical production, are 590 reported to be among the most important mechanisms mediating the protective effect of polyphenol-rich foods (78, 79) .
591
Other possible mechanisms by which polyphenol-rich supplements exert their beneficial effects are thought to include 592 the inhibition of leukocyte immobilization and xanthine oxidase activity (74) ; enhanced endothelial and mitochondrial 593 function (80) ; and the recycling of antioxidant and reducing agents to boost antioxidant defense systems (e.g., vitamin E 594 and C) (73, 79) .
596
The potential significance of polyphenols in mediating the positive physiological effects of POM supplementation is 597 supported by observations that the variable polyphenol content of the POM supplements administered and the daily 598 dose of POM consumed (presented in tables 1 and 2) might influence the inter-study disparity in the efficacy of POM 599 supplementation. For example, the consumption of natural POMj containing 2.56g total polyphenols /0.5 L three times 600 per day (3 × 250mL) during the 48h period prior exercise has been reported to confer anti-damaging effects (i.e., acute
601
and delayed) in responses to intense weightlifting exercise (18) . Conversely, the consumption of a commercially 
610
for the same power output, the former can cause a large degree of muscle, cellular and oxidative damage (81) (82) (83) due to 611 the increased generation of tension as muscle lengthens, resulting in a higher load per fibre ratio (84) . Nevertheless, it
612
should be acknowledged that many other factors could underlie the disparate inter-study results including the training 613 status of the subjects (untrained vs, trained), the type of exercise assessed (unilateral eccentric, weightlifting, running 614 treadmill), and the duration of the investigation (30min, 48h, > 1 one week). Therefore, standardizing these factors in 615 future studies is important to resolve the potential efficacy of POM supplementation to enhance exercise performance,
616
physiology and recovery and to optimize recommendations for best practice with POM supplementation .
cardiovascular function and exercise recovery and performance (18,19,34 ,67, 68, 73) , it has been reported that a long term 
